malised to standard material have been widely used as a tool to reveal various geochemical processes (Kato, 1999) . Moreover, microthermometry of fluid inclusions can potentially serve as indicator of the physico-chemical environment of barite mineralisation (Zarasvandi et al., 2014) . The origin of iron and barite deposits in the Alborz Zone has always been an issue of controversy in many studies. During the Cenozoic, an extensive barite mineralisation in connection with volcanosedimentary rocks took place in the Alborz Zone. Barite deposits, in the form of veins, lenses and layers, are abundantly seen in Eocene and Oligocene volcanic and pyroclastic rocks in several areas of the Alborz Zone such as Qazvin, Karaj and Semnan (Ghorbani, 2013) . However, no comprehensive research has been conducted on the formation of the Ahmadabad hematite-barite deposit. The pres ent study reports on detailed investigations, including textural, mineralogical and microthermometrical studies, together with geochemistry of major, trace and rare earth elements studies in the host rock, as well as on the hematite-barite mineralisation. Finally, based on these studies, the origin of the Ahmadabad deposit is worked out.
Geological setting
The study area is located 40 km northeast of the city of Semnan and at northern latitudes of 35°39' to 35°40' and eastern longitude of 53°42' to 53°45' (Fig. 1) . The study area is situated on the border of the Central Iran and Alborz geostructural zones in the shear zones of a main local fault, the Atari fault. The main lithostratigraphical units which are exposed in the area are Lower Devonian dolomite and sandstone, an Eocene sequence including andesite, trachyandesite, shale, glass tuff, latite and dacite as well as quartz latite and Quaternary alluvial terraces, including conglomerate, sandstone and claystone (Alavi, 2005) (Fig. 1 ). The hydrothermally altered zones which are present in the host rocks are weak to moderate argillic types. Hematite-barite mineralisation occurs as a main vein in the volcanic host rocks. The hanging wall of the vein is composed of dacite and the footwall is a tuff. This vein is 100 m in length and 2-5 m thick. Hematite and barite are the main constituents, followed by pyrite and Fe-oxyhydroxides such as limonite and goethite in the mineralised vein. Our field observations of the mineralised vein indicate that barite formed after hematite because hematite veinlets are cut by barite veinlets. The predominant texture of the hematite/barite mineralisation is that of open space filling (Evans, 2009) , which forms between brecciated fragments of host rocks.
Methods
Sampling was carried out in the Spring of 2012. A geological map (scale of 1:20,000), based on the geological map of 1:100,000 (Alavi, 2005) , was compiled by using Arc GIS software. After fieldwork, 30 samples were selected for petrographical studies. The petrographical and mineralogical studies, using 19 thin and 11 polished sections from surrounding and host rocks and also from hematite/barite ores, were done at the microscopy laboratory of the Lahijan branch of the Islamic Azad University. The fluid-inclusion microthermometric studies were done on three double-polished thin section samples using standard techniques. The parameters that were measured included the last ice-melting temperature (Tm ice ) and homogenisation temperature (T H ) ( Table 1) . The measurements were performed on a Linkam THMS 600 combined heating/freezing stage that was installed on a Zeiss microscope at the Iranian Mineral Processing Research Centre. The temperature range of the device is from -196 to +600° C. It is also equipped with two controllers, heating (TP94) and cooling (LNP), nitrogen tank (to pump nitrogen for freezing) and water tank (to cool the device at high temperatures). In order to study the geochemistry of trace and rare earth elements, nine samples were analysed using ICP-MS, as well as two samples using ICP-AES in the Zarazma Mineral Studies Company. Furthermore, seven samples were analysed by the XRF method in the Kanpazhouh Mineralogical & Geological Research Centre in Tehran. Major oxides, including SiO 2 , Al 2 O 3 , Fe 2 O 3 , MgO, TiO 2 , CaO, K 2 O and P 2 O 5 , were measured by using XRF method. Ba, Cr, Li, Mn, S, Sc, Sr, V were analysed by using the acid-digestion inductively coupled plasma-optical emission spectrometry analysing method (ICP-OES). REEs were analysed by inductively coupled plasma-mass spectrometry analysing methods (ICP-MS), using microwave-assisted multi-acid digestion.
Results and discussion

Petrography
Based on conducted petrographical studies, the surrounding and host rocks of the Ahmadabad deposit fall into five main groups, including andesite, trachyandesite, quartz latite, latite, dacite and vitric tuff. Andesite to trachyandesite rocks (Evt unit in Fig. 1 ) have a porphyric texture with a vitric matrix containing phenocrysts of automorphic plagioclase crystals which are completely transformed to clay minerals, quartz crystals (about 5%), alkali feldspar (in small amounts) and some euhedral opaque minerals in the plagioclase phenocrysts as poikilitic texture, which indicates that these minerals crystallised prior to plagioclase ( Fig. 2A) . Quartz latite rocks (Ev unit) are exposed in highs of the study area; these rocks have a porphyric texture with a vitric matrix (Fig. 2B ). Dacitic tuff (Evd unit), which is the host rock of the Ahmadabad deposit characterised by porphyric texture with a vitric matrix (Fig. 2C) . The predominant phenocryst in these rocks is euhedral to subhedral plagioclase with polysynthetic twining which have been completely altered and transformed to clay minerals. Some opacitic amphibole crystals can be observed in the rocks. Latite shows a porphyric texture with a microgranular matrix and their major phenocryst is plagioclase which has been highly altered and transformed to clay minerals (Fig. 2D ).
Mineralogy
Mineralogical studies show that the principal minerals in order of their frequency comprise hematite, barite, pyrite, goethite and other Fe-oxyhydroxides and magnetite.
Hematite mineralisation, surrounding pyrite minerals, is observed in all samples studied. The mineralisation occurs along fractures in the form of an open space filling texture. In addition, with respect to the formation of breccia texture along the host rock fractures, it can be concluded that the brecciation of the host rock formed before mineralisation. The brecciation could have been induced by two factors: (1) Structural factors, caused by the activity of the local fault controlling mineralisation.
(2) Hydrostatic pressure caused by mineralising hydrothermal fluids. In some samples hematite mineralisation can be seen as separated tabular crystals. The mineralisation co-occurs with the formation of automorph quartz. Moreover, Fe-oxyhydroxides minerals, such as goethite, which are formed by hematite oxidation, have been observed with a boxwork texture (in which goethite is formed as stockwork lamellae in the framework of primary hematite crystals) (Fig. 3) .
Microscopic studies indicate that barite mineralisation occurs in different shapes. Coarse and long grains of barite as joint infillings and blade-shaped and crushed fine crystals of barite occur mostly as vein-filling textures (Fig. 4A, B) . Pyrite crystals can be seen in the form of euhedral ( Fig. 5A ) and subhedral crystals in most of the samples studied; crystals are marginally oxidised and transformed to Fe-oxyhydroxides, including goethite and limonite in such a way that some of them show complete transformation (Fig. 5A , B). Pyrite crystals are surrounded by hematite crystals in the open space filling texture. The frequency of pyrite minerals in the samples studied is approximately between 1 and 5%. The pyrite crystals often show a polygonal morphology in which the pyrite grains are adopted with triple junctions of approximately 120 degrees (Fig. 5C, D) . In addition, hematite crystals surrounding pyrite crystals indicate that hematite formed after pyrite.
For goethite and other Fe-oxyhydroxide minerals the following can be stated. In most of the samples studied, pyrite crystals have transformed into Fe-oxyhydroxides, especially goethite, as a result of the oxidation process, which indicate a secondary replacement texture. The intensity of the oxidation process was so strong that almost all of the pyrite crystals have been completely transformed. In the primary hydrothermal mineralisation stage, pyrite, hematite and barite minerals formed under different physico-chemical conditions from related hydrothermal fluids. In the secondary mineralisation stage (supergene), goethite, limonite, gypsum and calcite formed under surficial oxidation conditions as a result of chemical weathering of primary minerals. Based on textural relationships between the above-mentioned principal minerals, it could be concluded that there are three hydrothermal mineralisation stages in which pyrite, hematite and barite with primary open space filling textures formed under different hydrothermal conditions. Subsequently, in the supergene stage, goethite, limonite minerals with secondary replacement textures formed under oxidation surficial conditions (Fig. 6 ). 
Microthermometry of fluid inclusions
Fluid inclusions were studied in three selected barite samples that had been collected from the hematite/barite mineralised main vein and one of the barite veinlets. According to the genetic classification of Roedder (1984) , the inclusions studied are primary (P), pseudosecondary (PS) and secondary (S) in character and have varying shapes and sizes. Most fluid-inclusion types in the barite samples studied are primary, in addition to lower amounts of secondary inclusions and also pseudosecondary inclusions which are rarely found. Their sizes vary from 7 to 16 μm. In general, the fluid inclusions can be morphologically divided into two groups: 1. inclusions with regular polygonal shapes and 2. stretched inclusions. These types were studied microthermometrically, while individuals that showed symptoms of necking down or leakage were ignored (compare Ulrich & Bodnar, 1988 Bodnar & Vityk (1994) . The T LM data yield fluid salinities ranging from 3.62 to 16.70 wt% NaCl eq. (Table 1 ; Fig. 8B ), with an average of 13.2 wt% NaCl eq. The Tm hh value lies between -21 and -25 °C. As shown in Figure 8B , the salinity for inclusions in the barite samples studied displays two modes at 6 to 8 and 12 to 14 wt% NaCl eq. It can therefore be concluded that these samples formed under hydrothermal conditions from hydrothermal fluids (Shepherd et al., 1985) . The data on fluid inclusions in barite show that the mineralising fluids were also within the H 2 O-NaCl-CaCl 2 system. Furthermore, the salinity graph vs homogenisation temperature (Fig. 9 ) (Kesler, 2005) of the fluid inclusions studied shows that the data obtained fall into two fields of basinal and seawater fluids. Salinities of 12 to 14 wt% NaCl eq. overlap each other. However, as can be seen in Figure 10B , there are some significant data with other modes at 6 to 8 wt% NaCl eq. falling into the seawater field. Thus, it could be suggested that two different fluids were involved in barite mineralisation, i.e., basinal water and seawater fluids.
Geochemistry
Geochemical analysis of trace and rare earth elements (REE) is a powerful instrument in hydrothermal mineralisation studies, and is used in order to recognise the formation and detect the source of mineralised fluids in different geological environments (Guichard et al., 1979; Jewell & Stallard, 1991; Bozkaya & Gökce, 2004; Clark et al., 2004; Jurković et al., 2010; Noguchi et al., 2011) . 
Major elements
The contents of major and some trace elements of the Ahmadabad deposit are tabulated in Table 2 . Fe/Mn ratios are a useful tool for evaluating the type of iron mineralisation. Crerar et al. (1982) indicated that iron deposits formed from early and rapidly deposited hydrothermal solutions showing high Fe/Mn ratios (>10) and with a wide range of variations. It is known that the Fe/Mn ratio in sedimentary iron deposits is about 1 and shows a narrow range of variation (Bonatti et al., 1972) . Rona (1978) and Nicholson (1992) also noted that the Fe/ Mn ratio in the exhalative iron deposits showed a wide range of variation. The Fe/Mn ratio in the hematite mineralised samples of the Ahmadabad deposit varies between 18.33 and 347.21 (Table 2) . According to these results, it can be concluded that the manganese (very poor)/hematite (very rich in iron) mineralisation of the Ahmadabad deposit formed from early and rapidly deposited hydrothermal solutions. In the ternary diagram of Al-Fe-Mn (Adachi et al., 1986) (Fig. 10 ) the iron hydrothermal deposit can be separated on the basis of ratios AlFe-Mn available from other generative groups. This diagram can mostly be used for iron-rich deposits. As shown, the hematite samples of the Ahmadabad ore fall into the field of hydrothermal iron deposits. Figure 11 shows the ternary diagram of Fe-Mn-(Ni + Co + Cu) X10 (Bonatti et al., 1972; Crerar et al., 1982) in which the Ahmadabad hematite samples are found in the hydrothermal iron deposit field. In the Fe-Mn-SiX2 ternary diagram (from Adachi et al., 1986) , the Ahmadabad hematite samples fall into the Fe-rich hydrothermal field, as is also shown in Figure 12 . Furthermore, from the MnO/TiO 2 -Fe 2 O 3 / TiO 2 diagram (Adachi et al., 1986) it is clear that the hematite samples lie in the field of hydrothermal iron deposits (Fig. 13) .
Trace elements
Values of 39 trace elements have been identified and compared, in four groups, of samples from hematite and barite veins, host rocks and quartz latite. Only six elements were detected (in addition to REEs) in all hematite and barite samples, whereas the other elements were lacking in at least one of the barite samples ( Table 2) . As can be seen from Table 2 , the concentrations of Pb, Zn, Hg, Cu and Sb in the host- Ba substitution in the crystal structure of barite and it is related to the formation of barite-celestite solid solution series. The relatively high Sr concentration in the barite sample indicates an origin of the Ahmadabad barite deposit from a low-temperature hydrothermal solution (e.g., Kato & Nakamura, 2003; Jurković et al., 2010) .
Rare earth elements
The rare earth element (REE) concentrations of samples studied are presented in Table 2 . The REE concentrations are normalised using the average chondrite abundances of McDonough & Sun (1995) . In order to identify REE behaviour in the host rock, quartz latite, hematite and barite samples, the ratios of La N /Yb N , Ce N /Yb N , Tb N /La N , Sm N /Nd N and Ce N / Sm N were used (Table 2 ). Based on these results, it can be concluded that the La N /Yb N , Tb N /La N , Sm N / Nd N and Ce N /Sm N ratios of hematite samples are very similar to ratios of quartz latite subvolcanic body sample. Furthermore, the values of La N /Yb N , Tb N /La N , Sm N /Nd N and Ce N /Sm N of the barite sample are similar to ratios of the host rocks. Thus, it could be inferred that the origin of iron mineralisation is related to quartz latite and the origin of barite mineralisation is related to volcanic host rocks. Ce anomaly. According to Ruhlin & Owen (1986) and Bhattacharya et al. (2007) , the Ce anomaly was measured for hematite, barite, host rock and quartz latite samples, using the following formula: Ce/ Ce*= log [Ce N / (2/3La N +1/3Nd N )]. The results obtained (Table 2 ) indicate a close similarity between the values of hematite and quartz latite samples. This allows the conclusion that the origin of iron mineralisation could be related to the quartz latite lithological unit.
La anomaly. According to Bolhar et al. (2004) , the La anomaly was measured for hematite, barite, host rock and quartz latite, using the following formula: La/La*= La (3Pr N -2Nd N ) . The calculated values (Table 2 ) also show a close similarity between the values of hematite and quartz latite. Furthermore, the La anomaly of the host rock samples indicates depletion in comparison with the hematite samples. This can have been caused by La transportation by mobile parts during the hydrothermal fluid flow from host rocks (Hajalilou et al., 2014) . As a result, a notable La deficiency in host rocks can be observed. The La might also have been transported from host rocks as a result of the formation of some complexes with F (Palinkas et al., 1994) .
Chondrite normalised patterns
The REE concentrations of the Ahmadabad hematite-barite deposit (Table 2) , normalised using the chondrite abundances of Boynton (1984) , show the total REE (ΣREE), varying from 46.98 to 235.01 ppm, with a mean of 99.21 ppm. The patterns of chondrite normalised data of samples studied show an LREE enrichment, as opposed to HREE, with a negative uniform slope with Eu positive anomalies and much more Gd (Fig. 14) . The chondrite normalised REE patterns of hematite, barite, host rocks and quartz latite samples are shown as separate diagrams. Based on changes in REE patterns between barite and hematite, a dual origin for hydrothermal fluids can be deduced for the ore-forming fluid in the Ahmadabad deposit (Zamanian & Radmard, 2016) (Fig. 15) . 4.5.1. Difference between barite and hematite in chondrite normalised REE patterns As can be seen in Figure 16 , there is a significant difference between the values of chondrite normalised patterns of hematite and barite samples. In the chondrite normalised pattern of hematite samples, LREE start from values higher than 100 ppm and have a descending trend towards HREE reaching lower than 10 ppm. In the chondrite normalised pattern of barite sample, LREE start from values of about 10 ppm and have a descending trend towards HREE reaching close to 1ppm. In general, compared to barite sample, hematite samples show obvious enrichment in ΣREE and significant enrichment of LREE than HREE. It indicates that two different hydrothermal fluids played a role in hematite and barite mineralisations.
Similarity between hematite and quartz
latite Chondrite normalised REE patterns of hematite samples (Fig. 15A ) compared with those of quartz latite samples (Fig. 15C) show a strong similarity between the two samples. However, there is an enrichment of MREE in the patterns which can be due to the presence of the amphibole minerals in the quartz latite. These similarities suggest that the hematite-forming hydrothermal fluids might have originated from the quartz latite lithological unit.
Comparison of the Ahmadabad barite deposit with other barite deposits
As seen in Figure 15D , the chondrite normalised REE pattern of the Ahmadabad barite sample is in a range between 10 ppm to close to 1 ppm with a tendency towards more depletion with a negative total slope. 1979; Murray et al., 1990; Alexander et al., 2008) and low temperature hydrothermal barite (Guichard et al., 1979; Hein et al., 2007) indicates a few close similarities with low-temperature hydrothermal barite deposits (Fig. 17) .
Conclusions
The 
